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Two comprehensive overviews on ultrasonic quantitative nondestructive 
evaluation and materials characterization were recently given by Thompson 
[1] and Green [2] respectively. Ultrasonic attenuation measurements are 
used to study a great variety of material microstructures and associated 
mechanical properties. On the other hand, fracture mechanics provides a 
basis for some failure models for cracks, inclusions, voids, etc. A 
fracture mechanical analysis for ultrasonic measurements in cracked 
specimens should give some new informations, which will be useful for 
quantitative NDE. 
Recent progress in ultrasonic attenuation measurements of pure metals 
under cyclic bias stress were reviewed in [3,4]. The measurements of 
propagation of fatigue crack in a compact tension test sample of steel by 
means of acoustic emission technique were reported in [5,6]. 
The ultrasonic attenuation measurements in cracked samples of steels 
during fatigue were reported [7], and further discussed in terms of 
fracture mechanics and dislocation damping in the present paper. 
EXPERIMENTAL PROCEDURE 
The composition of the steels used in the present work is given in 
Table 1. After heat treatment the starting materials were carefully ground 
to standard compact tension test samples in accordance with ASTM E399-74. 
The thickness of the sample is 20 mm and the parallelism ~~d planeness of 
the two opposite planes are approximately equal to 1 x 10 • The 
measurements of ultrasonic attenuation were carried out using the pulse 
echo method described elsewhere [8]. We record the change of attenuation 
by means of a X-Y recorder with an accuracy of 0.003 dB/~s. An X-cut 
quartz transducer with fundamental frequency 10 MHz and diameter 10 mm was 
carefully coupled on one plane of the sample in contact with the crack tip 
for emission and receiving ultrasonic, as shown in Fig. 1. On the opposite 
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Table 1 Composition (wt.%) of Steels 
----------------------------------------------------------------------------
No Steel c Cr Mn Si Ni p s 0 
----------------------------------------------------------------------------
I 
II 
30CrMnSiNi2 0.30 1.09 1.23 1.12 1.55 (0.006 (0.002 
9%Ni Steel 0.06 0.19 0.20 9.1 (0.006 <0.006 (0.0037 
Figure 1 Shape of compact tension test sample and 
position of transducer quartz, B = thickness 
plane of the sample the crack length was measured by means of a microscope. 
The frequency of fatigue was 95 and 150 Hz for steel I and II, but the 
frequency of 0.02 Hz was utilized to measure attenuation as a function of 
load P during cycle deformation. The upper and lower limits of fatigue 
load were chosen as 12 kN and 4 kN for steel I, and 20 kN and 4 kN for 
steel II with tn accuracy of 0.1 kN. ~fter a certain number of fatigue 
cycles (2 x 10 for steel I and 5 x 10 for steel II) the ~-P attenuation 
vs. load curves were measured and the length of fatigue crack was observed 
under average static load. 
EXPERIMENTAL RESULTS 
The attenuation vs. load,~-P,curves for different cycle number N are 
shown in Figure 2, in which the curves during loading and unloading are 
coincident with each other. The change of attenuation 6~ during a cycle 
from Figure 2 and the crack length as a function of cycle number N is 
shown in Figure 3. It is clear that the 6~-N curve is in good correlation 
with the a-N curve, and the variation of 6~ is traced out during the period 
of crack nucleation. A similar result was obtained for steel II. 
The ~-P curves of steel I, shown in Figure 4, in the range of 0-12 kN 
have been measured for different distances d between the disk of quartz and 
the tip of crack, when the fatigue crack had developed to the length 14 mm. 
It is apparent that the attenuation first decreases when loading starts and 
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then drastically increases during loading over a critical load Pc. During 
the subsequent unloading the behaviour is similar but less. So a 
hysteresis loop curve of attenuation is created in the region of smaller 
load. The critical load Pc is approximately equal to 2, 4 and 6 kN for 
daQ, 0.8 and 4 mm respectively. The total change of attenuation decreases 
with increasing distance d. The same hysteresis loop curves are also 
obtained during the cycle deformation with smaller load amplitude, such as 
0-4 kN. 
The steels I and II are respectively high and middle strength steel. 
Similar features of a-P curves for both steels were obtained, as in Figure 
5, but the attenuation of steel II varied more smoothly during loading or 
unloading. 
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Figure 4 
Figure 5 
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It is well known [9] that ultrasonic attenuation due to vibrating 
dislocations can be expressed as 
a • k A L~ (1) 
where A is the density of dislocation, Lc is the average length of a 
dislocation free loop between two pinning points and k is a constant which 
depends on material and ultrasonic frequency. Under an applied stress the 
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dislocation can break away from pinning points; then the length of the free 
loop extends to the full network loop length Ln of the dislocation. Then 
a .. k I(cr) A L~ (2) 
where I(cr) is the fraction of dislocation depinning. Ultrasonic 
attenuation of pure metals during bias stress experiments has been 
discussed according to the above dislocation string model [10]. On the 
other hand, another model [11] based on a geometric kink chain of dis-
locations has also been considered for the calculation of the attenuation 
as a function of bias stress. We suggest a combination of the two models, 
as sketched in Fig. 6. 
The density of dislocations, and also the density of geometric kinks, is 
very high in temporary steels. Under a small applied bias stress the side-
wise migration of the geometric kinks on dislocations easily takes place and 
the dislocation loops between pinning points can bow out. This is shown in 
Fig. 6b where one segment is along the Peierls Valley, and another segment 
can freely vibrate under the ultrasonic wave, so the length of free loop de-
creases, i.e. Lc(cr) < Lc(O). It can be explained that the attenuation 
decreases with increa!ing bias stress in the beginning period of loading, 
by equation (1), a« Lc. When the applied bias stress is larger than a 
critical stress, some of the dislocations may break away from pinning 
points. The length of the dislocation free loop then catastrophically 
becomes Ln, Ln>> Lc, and the fraction I(cr) of depinning dislocations also 
increases with the bias stress. The opposite process will occur during 
unloading, but near the critical stress the dislocations will not be pinned, 
until they move back near their equilibrium position, i.e. the lengths of 
dislocation loops are approximately equal to the original length Lc(O). 
Hence the change of attenuation is also smaller during unloading than 
loading and a hysteresis curve of attenuation can be obtained in the 
region near the critical load during cycle deformation. 
The critical load should correspond to the stress at which a portion 
of the vibrating dislocations breaks away from the pinning points. To 
examine this model, we compare the experimental value of critical load with 
the calculated value of applied stress required to depin the dislocations. 
According to fracture mechanics [12] the stress distribution around the 
crack tip in a compact tension specimen is as follows 
(3) 
where y is the direction of load, r is the position of an observation 
point, A{e) is the orientation factor and K1 is the stress strength factor 
of material given by 
- - - - - -] (4) 
Ai is a constant of material, a, B, P and W are shown in Fig. 1. 
In Figur!4 4 the crack length a is 14 mm. For a load of P • 0.2 kN, we 
have a > 10 ].1 in a region close to the crack tip where r ~ 4 mm (here ].1 
is the'lhear modulus of !~terial). Now the Peirels-Nabarro stress for 
moving dislocation is 10 ].1 [13], under which the geometric kinks on 
dislocation can migrate sidewise and pile up. About half of the ultrasonic 
field is within the range of r ~ 4 mm around the crack tip. In this part 
of the field the length of a free vibrating loop will be shorter, so that 
the total ultrasonic attenuation slowly decreases at the start of loading. 
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Figure 6 
a b c 
A model of dislocation breakaway 
a) Initial configuration 
b) Dislocation bowing out and sidewise 
migration of geometric kinks 
c) Dislocation breakaway 
Peirels valley is indicated by an arrow 
When the load increases up to the critical value p = 2kN, it follows 
from equation (3) that in the range of r ~ 0.5 mm we have Oyy ~ 10-2pp. 
This is generally believed to be enough to cause breakaway of dislocation 
from pining solute atoms at the core line of the dislocation [14]. However, 
in the present work it may be overestimated. About 5% of the area of the 
ultrasonic field is within the range of r ~ 0.5 mm around the crack tip. 
Even though breakaway of dislocations oc~rs only in a small part of the 
ultrasonic field, but since Ln>> Lc, a~ Ln, and I(a) also increases with 
load, the total attenuation still rapidly increases when the load is above 
the critical load. If the full range of cyclic stress is higher than the 
critical load during fatigue, no decrease in attenuation can be observed, 
as shown in Fig. 2. 
In Fig. 4b the disk of the transducer quartz was placed at 0.8 mm from 
the crack tip, and the area of stress concentration was partially out of the 
ultrasonic field. The calculation shows that the breakaway of dislocations 
can take place in about 51. of the area of the ultrasonic field when load 
equal to 4kN. Similar results for Fig. 4c were also obtained. It is shown 
that the model of dislocation breakaway in the area of concentrating stress 
around the tip of fatigue crack (Fig. 6) is reasonable for explaining the 
ultrasonic attenuation experimental results. 
The effect of stress concentration on attenuation around the crack tip 
can be used to explain the correlation between ~a - N and a-N curve as 
shown in Figure 3. According to equations (3) and (4) the stress intensity 
factor increases with increasing length of the fatigue crack and also !~th 
the number of cycles. In a similar range of load the area of a > 10 p, 
in which dislocation breakaway can occur, also extend with the ~~her of 
cycles. Thus, the attenuation change during a cycle of loading and un-
loading will increase with the number of cycles. The ~a - N curve would 
be similar to the a-N curve. When the growth of fatigue crack can not be 
observed on the surface of sample, the density A of dislocation increases 
with the number of fatigue cycles. Therefore, the ultrasonic attenuation 
technique is very useful for studying the fatigue process of a cracked 
sample. The principle may be applied to NDE if the attenuation measure-
ments can be precisely obtained in some engineering structures. 
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